ABSTRACT BILLEN, DANIEL (The University of Texas, Houston), AND ROGER HEWITT. Physiological aspects of modification and restoration of chromosomal synthesis in bacteria after X irradiation. J. Bacteriol. 90:1218Bacteriol. 90: -1225Bacteriol. 90: . 1965.-A study was made of the effect of amino acid deprivation or chloramphenicol on the character of postirradiation deoxyribonucleic acid (DNA) replication in bacteria with the use of radioisotopes and 5-bromouracil as a density label. CsCl density-gradient studies of DNA showed that postirradiation incubation of amino acid-requiring Escherichia coli in an amino acid-free medium interfered with continued linear chromosomal replication. In the presence of the required amino acids, linear chromosomal replication was shown to resume. Addition of chloramphenicol was found to prevent this resumption. Deletion of the required amino acids or the presence of chloramphenicol in a fully supplemented medium allowed the detection of altered DNA synthesis in bacteria at X-ray doses as low as 500 r. The character of the limited DNA made in the presence of the density label after irradiation is described. The results are interpreted as showing that the synthesis of a protein(s) is required for restoration of linear chromosomal replication in the irradiated cells.
diation incubation of amino acid-requiring Escherichia coli in an amino acid-free medium interfered with continued linear chromosomal replication. In the presence of the required amino acids, linear chromosomal replication was shown to resume. Addition of chloramphenicol was found to prevent this resumption. Deletion of the required amino acids or the presence of chloramphenicol in a fully supplemented medium allowed the detection of altered DNA synthesis in bacteria at X-ray doses as low as 500 r. The character of the limited DNA made in the presence of the density label after irradiation is described. The results are interpreted as showing that the synthesis of a protein(s) is required for restoration of linear chromosomal replication in the irradiated cells.
It was previously observed that a protein(s) component was necessary for reinitiation of deoxyribonucleic acid (DNA) synthesis in Escherichia coli strain 15T-(555-7) , and that its synthesis was inhibited by X irradiation (Billen, 1960) . Prior amino acid deprivation or chloramphenicol addition was used to uncover this X-ray effect (Billen, 1961) . Recently it was shown that the mode of DNA synthesis in irradiated cells was altered as compared with nonirradiated cells . The incorporation of a density label (5-bromouracil) into cellular DNA during the initial 10 min of incubation after exposure to 5,000 r of X rays resulted in DNA with a buoyant density differing from that of the control. Resumption of "normal" chromosomal replication appeared to occur at a site differing from the region which was active at the time of exposure.
The studies of Maal0e and Hanawalt (1961) with E. coli strain T-A-U-and of Lark, Repko, and Hoffman (1963) with E. coli strain 15T' (555-7) have established that a protein(s) com-' Postdoctoral trainee supported by Public Health Service grant NCI 2 Ti CA 0547-06. ponent was necessary for the initiation of a new chromosome duplication cycle. With these results in mind, a study was undertaken of the possible role of newly made protein in restoration of "normal" DNA replication. The basis of the method for study of chromosome replication involves selective radioisotopic and density labeling of cellular DNA and analysis of this DNA by density-gradient equilibrium centrifugation. In this communication it is shown that postirradiation protein synthesis inhibition brought about either by the omission of required amino acids or the presence of chloramphenicol prevents resumption of the "normal" DNA replication pattern.
MATERIALS AND METHODS Growth of bacteria and isotope labeling. The thymine-requiring bacterium, E. coli strain 15TP
(555-7), isolated by Weatherwax and Landman (1960) , was grown at 37 C in a minimal-salts medium (Billen, 1959) supplemented with thymine (20 ,g/ml), arginine (38 pg/ml), tryptophan (14IAg/ml), and methionine (30,&g/ml). Where indicated, total cellular DNA was labeled by several generations of growth in radioactive 1218 DNA REPLICATION IN X-IRRADIATED BACTERIA thymine (thymine-2-C'4, 0.5 Ac and 2 ,g/ml; or thymine-methyl-H3, 0.6,uc and 4,ug/ml). Cells were harvested on membrane filters (Schleicher & Schuell Co., Keene, N.H., Grade A coarse) and recovered by flushing with a cold minimal-salts medium minus glucose.
Irradiation of bacteria. Washed and concentrated cells (~109 to 2 X 109 cells per milliliter) were irradiated in 50-ml Pyrex Erlenmeyer flasks while held in a lucite container filled with crushed ice. The 10-to 20-ml cell suspension was in equilibrium with air. Radiation was from a Westinghouse X-ray therapy machine (250 kv, 15 ma, 1.0-mm aluminum and 0.5-mm Cu filter) at a dose rate of approximately 600 r/min.
A control sample was treated in an identical manner but without X-ray exposure. The total time involved in this procedure, and therefore the time of cold-temperature exposure of the cells, was uniformly 20 min. To assay viability, cells were plated on fully supplemented minimal agar plates, and colonies were counted after incubation at 37 C for 24 hr. The cells were diluted 20-fold for subsequent DNA synthesis studies.
Density labeling procedure. Cellular DNA was density-labeled in a medium containing 5-bromouracil-6-H3 (H3-BU), 0.3 Ac and 2 or 4,ug/ml; or 5-bromouracil-2-C14, 0.1 Mc and 4,ug/ml (C14-BU) with or without the amino acid supplement as indicated. H3-BU was chromatographed within 3 days of the experiments reported here to remove accumulated degradation products. This resulted in a low level of H3-uracil contamination [no significant H3-label in ribonucleic acid (RNA) as determined by CsCl gradient analysis].
Cell lysate preparation and density-gradient equilibrium sedimentation. The method for DNA preparation by the lysozyme method and densitygradient equilibrium sedimentation analysis of DNA has been described in detail RESULTS Influence of amino acid deprivation during postirradiation DNA synthesis. Hanawalt et al. (1961) suggested that, when required amino acids are withdrawn from a culture of auxotrophic bacteria, the cycle of chromosome replication in which each cell was engaged will go to completion. Further DNA synthesis will not take place until the protein(s) which is required for the initiation of new cycles of DNA replication can be synthesized. They supported this suggestion by showing that, when BU was substituted for thymine in a growth medium which would not support RNA or protein synthesis, the newly synthesized DNA (that which contained BU) banded only at "hybrid" density (1.754 gcm73, as expected when BU is substituted for thymine in one DNA strand) in a CsCl density gradient. This was expected if only the completion of existing cycles of chromosome replication was allowed in the absence of protein and RNA synthesis.
We used a similar approach, in the experiments to be presented, to determine the role of protein synthesis in restoring "normal" DNA synthesis and its regulation in X-irradiated cells.
In E. coli strain 15T-(555-7) amino acid deprivation has been shown to result in an immediate inhibition of protein synthesis (Billen, 1960) . DNA synthesis, as measured by the incorporation of H3-thymine, continued for about 60 min at a decreasing rate after the transfer of log-phase cells ("nonaligned") into amino aciddeficient medium (Fig. 1, control) . Little further increase in DNA content occurs after this time (Billen, 1960) .
After exposure to X-irradiation (5 kr), both the rate and extent of DNA synthesized by logphase cells in an amino acid-deficient medium were greatly reduced ( Fig. 1, irradiated) . To determine whether this difference was related to a pre-existing ability to synthesize DNA at the time of irradiation, the same experiment was performed with cells which had been exhausted of their DNA-synthesizing activity by previous "alignment" by 90 min of incubation in an amino acid-deficient medium. Control and irradiated cells were then transferred to an amino aciddeficient medium containing H3-thymine. In this case, both control and irradiated cells showed the same low level of incorporation of radioactivity (Fig. 1) .
The character of the DNA made after irradiation was studied under conditions of amino acid deprivation. Cellular DNA was first uniformly labeled by growth in C14-thymine. The log-phase cells were then transferred to amino acid-deficient medium containing H3-BU. A DNA density profile from control cells after 60 min of incubation is shown in Fig. 2 . In this experiment, 57% of the original DNA (C14-labeled) has been replicated, yielding fragments of hybrid density.
The density profile from irradiated cells after 60 min of incubation in BU (Fig. 3) showed that, although H3-BU was incorporated into DNA, most of the resulting BU-containing fragments banded at a density between normal (1.710 gem-3) and hybrid (1.755 gem-3). The nature of intermediate density DNA (ID-DNA) will be considered in a subsequent section of this report.
These results show that the DNA synthesized by irradiated cells during amino acid deficiency differs both quantitatively and qualitatively from that in control cells. In Fig. 4 , data are presented which show that the reduction in the unt of DNA synthesized during the deficient dition is dependent on the dose of irradiation. reduction is shown in two ways. First, the unt of radioactive-BU incorporated (60 min), determined by analysis of the cold, acidluble l)recipitate of culture samples, was ersely related to the dose of radiation. Second, -radioactivity which banded as DNA in a 'I density gradient was also inversely related lose. Thus, in these experiments incorporation adioactive BU into cells can be equated with rporation into DNA. Ln additional feature of this experiment was t, with doses greater than 500 r, an increasing tion of the BU-DNA was of intermediate density. After a dose of 4,000 r, only ID-DNA was observed, which had a profile similar to that obtained after 5,000 r (Fig.3) . The number of colony-forming cells in the irradiated population declined during amino acid starvation in a manner similar to that shown for irradiated E. coli strain T-A-U-subjected to amino acid deprivation (Billen and Jorgensen, 1964 Sonifier at a power setting of 5) of a lysate of control or irradiated cells that has been incubated in a fully supplemented medium plus chloranphenicol for 30 min resulted in the gradient profiles shown in Fig. 6B and 7B, respectively. The nonsonic-treated lysate profiles are shown in Fig. 6A and 7A . The sonic treatment only increased the band widths of the ID-DNA and "light" DNA in the irradiated sample. There was no suggestion of "heavy" DNA or any unequivocal accumulation of "hybrid" DNA beyond that thought to be due to the broadening of the ID-DNA band. Sonic treatment for 2 min resulted in fragments so small that good resolu- tion of the bands in the CsCl was after 65 hr of centrifugation at 33 The result suggests that the locatioi in ID-DNA fragments is rando length of the fragments.
Irradiation-induced degradation DNA. It was recognized that DN2 could contribute to the formation if a substrate form of thymine resu ingly, the extent of DNA degra "unbalanced growth" conditions i It can be seen that, through 60 min in the absence of amino acids, degrn original DNA occurred in irradis indicated by the loss of acid-ins activity (Fig. 8) Mileti6 et al. (1961 Mileti6 et al. ( , 1964 showed that chloramphenicol, if present after exposure of bacteria to X irradiation, delayed the onset of measurable DNA increase in the population and°~~-°/ enhanced DNA degradation. Rosenberg and Cavalieri (1964, n000 at/tine 1965). However, the findings reported in a pren of BU ith vious communication from this laboratory conm alofB th-cerning the relocation of the site of renewed linear chromosomal replication (Billen et al., of Irelabeled 1965) suggest that the newly synthesized proo dpredatio tein(s) is, at least in part, concerned with the fIDe DNA construction of an active DNA-replicating apo f l t e dID-DNA-paratus.
Aation under
The dependence of the restoration of active dation ulde chromosomal synthesis on new protein synthesis wasf explbatior is not unlike that shown for ultraviolet light-exdf tncubaftohn posed bacteria (Kelner, 1953) . Harold and dati onollf e Ziporin (1958) first showed that both amino acid 3ted ce lls,os deprivation and chloramphenicol addition in the Lpproximately presence of the required amino acids were suf-)NA occurred ficient to block resumption of DNA synthesis in f)N ocurred an amino acid-requiring strain of E. coli. In adflysppenicole dition, it has been more recently shown (Hewitt iramphemncol. and Billen, 1965 ) that amino acid deprivation n thDNbsentce prevents the initiation of new chromosomal on DNA sta-duplication after ultraviolet-light exposure. This was observed is to be contrasted with the finding that excision of thymine dimers is independent of any active protein synthesis after ultraviolet-light exposure (Shuster, 1964) .
Le presence of Exposure of bacterial cells to high doses of of essential X rays (>90% kill) is known to result in exin of a protein tensive DNA degradation (Billen and Volkin, r every round 1954; Stuy, 1960; Mileti6 et al., 1961 (Frampton and Billen, 1965) or protein-synthesis inhibition by chloramphenicol results in enhanced loss of DNA after irradiation. It was seen in Fig. 6 that both chloramphenicol addition or amino acid deprivation resulted in some degradation after 5,000 r exposure of E. coli strain 15T-(555-7). Under such conditions, no net increase in DNA content was observed as measured colorimetrically. However, when similarly irradiated cells are incubated in fully supplemented growth medium, only a 2% loss of prelabeled DNA was observed by 60 min of postirradiation incubation (Frampton and Billen, unpublished data) , and the DNA synthesis rate approached that of the control. While unbalanced growth conditions after irradiation favor degradation of DNA, as well as chromosome synthesis inhibition, in these strains of E. coli, the relationship between the two is unknown. It is possible that some or all of the ID-DNA accumulating after 30 and 60 min of amino acid deprivation or chloramphenicol addition ( Fig. 3 and 5 ) reflects the dilution of the available BU pool by thymine as a result of DNA breakdown. The observation that "aligned" irradiated cells do not differ from controls in DNA synthetic activity (Fig. 1) suggests that ID-DNA formation occurs only in those cells actively synthesizing DNA at the time of irradiation. Currently, we do not have sufficient information to allow a conclusion as to the mechanism responsible for ID-DNA formation under these conditions.
A possible additional complication in interpretation of these data arises from the observations of others (Sandoval, Reilly, and Tandler, 1965; Endo et al., 1965) of the presence of defective phage particles in induced cultures of E. coli strain 15. Additionally, Frampton and Brinkley (1965) determined that E. coli strain 15T-(555-7), the strain used in this study, also forms defective phage particles after exposure to X irradiation and subsequent growth in a completely supplemented medium.
WVhile these considerations make interpretation more difficult, the experimental results clearly show that amino acid deprivation or chloramphenicol addition reveal alterations in the DNA replication of X-irradiated cells heretofore not seen at these low doses in E. coli. For example, in Fig. 4 it is seen that BU incorporation into DNA is only about 50% of the control value at a dose of 2,000 r, whereas, for cells exposed to 5,000 r and incubated in a complete growth medium, little inhibition of DNA synthesis is noted for a similar postirradiation incubation period .
These and earlier findings are currently interpreted as follows: It is assumed that DNA replication and chromosomal duplication can be equated in E. coli. The current concept of a bacterial chromosome, circular in nature and undergoing replication by the linear movement of a single replicative site, is taken as a working model (Cairns, 1963; Nagata, 1963; Yoshikawa and Sueoka, 1963) . Upon exposure of exponentially growing bacterial cells to a dose of radiation sufficient to kill a little more than half of the population, only a limited forward movement of the original replication site occurs. This inhibition of "growth-point" movement results from irradiation-induced structural alterations in the DNA which prevent continued operation of the replicative apparatus. Interference with protein synthesis prevents restoration of "growth-point" replication.
